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(54) Optical multiplexer and optical demultiplexer 



(57) The present invention provides an optical de- 
multiplexer and an optical multiplexer the transmission 
characteristics of which are unlikely to be affected by 
fabrication errors and which have small group delay dis- 
persion. Across output port (X-OUT) of a second optical 
demultiplexer element (DEMUX) (10-2) is selected, and 
a through output port (T-OUT) of a third DEMUX (10-3) 
is selected. A T-OUT of a first DEMUX (10-1) has a 



passband equal to the X-OUT of the second DEMUX 
(10-2), and a X-OUT of the first DEMUX (10-1) has a 
passband equal to the T-OUT of the third DEMUX 
(1 0-3). The T-OUT of the first DEMUX (1 0-1 ) has group 
delay characteristics opposite to those of the X-OUT of 
the second DEMUX (10-2). and the X-OUT of the first 
DEMUX (10-1 ) has group delay characteristics opposite 
to those of the T-OUT of the third DEMUX (10-3). 
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Description 



10001] The present invention relates to an optical de- 
multiplexer and an optical multiplexer having optical 
multiplexer or demultiplexer elements of a multi-stage 
Mach-Zehnder configuration connected together in tan- 
dem and used In fields such as optical communication, 
photonic switching, and optical computing. 
[0002] In recent years, an optical multiplexer and an 
optical demultiplexer have been more and more Impor- 
tant in the fields of optical communication, photonic 
switching, and optical computing and notably In the field 
of wavelength multiplexing optical communication in 
which optical signals of different wavelengths are multi- 
plexed for communication; the optical multiplexer multi- 
plexing two signal lights of different wavelengths and 
outputting the multiplexed lightfrom one output port, the 
optical demultiplexer demultiplexing a light having its 
v/avelength multiplexed and outputs the demultiplexed 
lights from two output ports. Further, an interieave filter 
in which a passband and a stopband have an equal 
bandwidth is gathering much attention as a part that is 
combined with an AWG (An-ayed Waveguide Grating) 
to double the number of AWG channels, 
[0003] As a part that meets these requirements, for 
example. M. Oguma. et al., "Flat-passband interleave 
filter with 200GH2 channel spacing based on planar 
lightwave circuit-type lattice structure", Electronics Let- 
ter, 2000, Vol. 36, no. 15, pp. 1299-1300 describes an 
optical multiplexer or demultiplexer elements in which 
the passband and stopband have flat characteristics 
Further, T. Chiba, et al., "Wavelength Splitters for 
DWDM Systems", LEOS Topical Meeting 2001 , MD2.2, 
pp. 11-12 reports a composite optical multiplexer or de- 
multiplexer having optical multiplexer or demultiplexer 
elements connected together in tandem in two stages 
because a single optical multiplexer or demultiplexer el- 
ement does not provide a sufficient stop value. 
[0004] Fig. 9 shows the circuit configuration of a con- 
ventional optical demultiplexer. The demultiplexer has 
two-stage optical demultiplexer elements 90-1 , 90-2 
and 90-3 connected together in tandem In two stages 
and having optical path length differences of 1 :-2, 1 :-2, 
and -1 :2, respectively. The optical path length of differ- 
ence is nomialized a unit path length difference AL The 
positive optical path length difference is defined to mean 
that in the two arms of each Mach-Zehnder circuit, the 
upper arm has a larger optical path length than the lower 
arm. On the other hand, the negative optical path length 
difference Is defined to mean that the lower arm has a 
larger optical path length than the upper ami. In the 1st 
stage, the one two-stage optical demultiplexer element 
90-1 (corresponding to N=2) is disposed, and In the 2nd 
stage, the two two-stage optical demultiplexer elements 
90-2 and 90-3 are disposed. 

[0005] The two-stage optical demultiplexer elements 
90-1 , 90-2, and 90-3 are constructed In a two-stage 
Mach-Zehnder form using three directional couplers 



93- 1 to 93-9 for each element. Phase shifters 94-1 to 

94- 6 are Installed on each optical path to control phase. 
[0006] With a tandem-connected optical demultiplex- 
er, when a wavelength multiplex signal of an equi-chan- 

5 nel spacing XI , A2, m (M Is an Integer equal to or 
larger than 2) Is input from an input port INI a of the two- 
stage optical demultiplexer element 90-1 In the 1st 
stage, a wavelength multiplex signal of XI , A3, XM-1 
Is output from one selected output port OUT2c of the 
10 two-stage optical demultiplexer element 90-2 in the 2nd 

stage, while a wavelength multiplex signal of X2, A.4 

UA Is output from one selected output port 0UT4c of the 
two-stage optical demultiplexer element 90-3 In the 2nd 
stage. 

IS [0007] With such a tandem-connected optical demul- 
tiplexer, the output ports can be selected In 2 x 2 = 4 
ways depending on which ofthe two output ports OUTIc 
and OUT2C of the two-stage optical demultiplexer ele- 
ment 90-2 In the 2nd stage is selected and on which of 
20 the two output ports 0UT3c and 0UT4c of the two-stage 
optical demultiplexer element 90-3 in the 2nd stage Is 
selected. 

[0008] The through output port (that Is, the output port 
having Its optical waveguide physically coupled to the 
25 con-esponding input port) 0UT2c of the two-stage opti- 
cal demultiplexer element 90-2 is selected, the optical 
demultiplexer element 90-2 being connected to the 
through output port OUTIb of the two-stage optical de- 
multiplexer element 90-1 In the Iststage. The cross out- 
30 put port (that is, the output port not having Its optical 
waveguide physically coupled to the corresponding in- 
put port) 0UT4C of the two-stage optical demultiplexer 
element 90-3 is selected, the optical demultiplexer ele- 
ment 90-3 being connected to the cross output port 
35 0UT2b of the two-stage optical demultiplexer element 
90-2 in the 1st stage. In a conventional optical demulti- 
plexer , the output ports are selected so that the 1 st stage 
through output port and the 2nd stage through output 
port are combined together and the 1st stage cross out- 
40 put port and the 2nd stage cross output port are com- 
bined together. 

[0009] The output ports are thus selected because 
group delays In the 1 st and 2nd stages offset each other 
to obtain zero group delay characteristics. Furthemiore, 
45 even with a fabrication error in the single optical multi- 
plexer or demultiplexer, the offset of the group delays 
serves to maintain substantially zero group delays. 
Thus, the conventional optical multiplexer or demulti- 
plexer Is characterized in that the group delay charac- 
50 teristlcs are unlikely to be affected by fabrication errors 
In the circuit. 

[001 0] However, although the group delay character- 
istics of the conventional optical multiplexer or demulti- 
plexer is unlikely to be affected by fabrication en-ors in 
55 the circuit and are thus substantially zero, its transmis- 
sion characteristics are prone to be affected by fabrica- 
tion errors. A problem of the conventional optical multi- 
plexer or demultiplexer is that a good stopband value is 
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not obtained In the presence of a fabrication error 
[001 1] When the optical multiplexer or demultiplexer 
is actually used, group delays have only to be main- 
tained at a certain allowable value or less, and the op- 
tical multiplexer or demultiplexer element often needs 5 
to have as good transmission characteristics as possi- 
ble. 

[0012] It is an object of the present invention to pro- 
vide an optical demultiplexer and an optical multiplexer 
which have transmission characteristics unlikely to be io 
affected by fabrication errors and which have small 
group delay dispersions. 

[0013] To attain this object, an optical demultiplexer 
comprising 2-input and 2-output (hereinafter referred to 
as the "2x2") optical demultiplexer elements composed is 
of optical couplers that couple two optical waveguides 
together at N+1 locations (N Is an Integer equal to or 
larger than 2), each the 2x2 optical demultiplexer ele- 
ment having a through output port and a cross output 
port for a single input port, In which a through output port 20 
of a first 2x2 optical demultiplexer element Is connected 
to an input port of a second 2x2 optical demultiplexer 
element and a cross output port of the first 2x2 optical 
demultiplexer element Is connected to an Input port of 
a thinj 2x2 optical demultiplexer element, so that if a 25 
wavelength multiplex signal of a specified wavelength 
intervalof X2, (Mis an integer equal to or larg- 
er than 2) Is Input to an Input port of the first 2x2 optical 
demultiplexer element, a wavelength multiplex signal of 
X^ , A3, ... , XM-1 is output from a selected output port of so 
the second 2x2 optical demultiplexer element, while a 
wavelength multiplex signal of X2, X4, ... , A M is output 
from. a selected output port of the third 2x2 optical de- 
multiplexer element, wherein a cross output port of the 
second 2x2 optical demultiplexer element is selected, 35 
and a through output port of the third 2x2 optical demul- 
tiplexer element is selected, wherein the through output 
port of the first 2x2 optical demultiplexer element has a 
passband equal to that of the cross output port of the 
second 2x2 optical demultiplexer element, and the cross 40 
output port of the first 2x2 optical demultiplexer element 
has a passband equal to that of the through output port 
of the third 2x2 optical demultiplexer element, and 
wherein the through output port of the first 2x2 optical 
demultiplexer element has group delay characteristics ^5 
opposite to those of the cross output port of the second 
2x2 optical demultiplexer element, and the cross output 
port of the first 2x2 optical demultiplexer element has 
group delay characteristics opposite to those the 
through output port of the third 2x2 optical demultiplexer so 
element. 

[0014] According to this configuration, selection of the 
output ports eliminates differences in characteristics be- 
tween the input port and the two output ports which dif- 
ferences result from a fabrication error in the circuit, ss 
thereby minimizing fabrication errors in transmission 
characteristics and maintaining group delay dispersions 
at an allowable value or less. 



[0015] Further, an optical multiplexer comprising 2-ln- 
put and 2-output (hereinafter referred to as the "2x2") 
optical multiplexer elements composed of optical cou- 
plers that couple two optical waveguides together at 
N+1 locations (N is an integer equal to or larger than 2), 
each the 2x2 optical multiplexer element having a 
through output port and a cross output port for a single 
input port, in which an output port of a first 2x2 optical 
multiplexer element Is connected to a through Input port 
of a third 2x2 optical multiplexer element and an output 
port of a second 2x2 optical multiplexer element is con- 
nected to a cross input port of the third 2x2 optical mul- 
tiplexer element, so that If a wavelength multiplex signal 
of a specified wavelength interval of A,1 , A3, AM-1 (M 
Is an Integer equal to or larger than 2) is input to a se- 
lected input port of the first 2x2 optical multiplexer ele- 
ment, while a wavelength multiplex signal of a specified 
wavelength Inten^al of A 2, A4, .... AM is input to a se- 
lected input port of the second 2x2 optical multiplexer 
element, then a wavelength multiplex signal of A1, 
A2, ... , AM Is output from the output port of the third 2x2 
optical multiplexer element, wherein a cross input port 
of the first 2x2 optical multiplexer element is selected, 
and a through input port of the second 2x2 optical mul- 
tiplexer element is selected, wherein the through output 
port of the third 2x2 optical multiplexer element has a 
passband equal to that of the cross output port of the 
first 2x2 optical multiplexer element, and the cross out- 
put port of the third 2x2 optical multiplexer element has 
a passband equal to that of the through output port of 
the second 2x2 optical multiplexer element, and wherein 
the through output port of the third 2x2 optical multiplex- 
er element has group delay characteristics opposite to 
those of the cross output port of the first 2x2 optical mul- 
tiplexer element, and the cross output port of the third 
2x2 optical multiplexer element has group delay char- 
acteristics opposite to those the through output port of 
the second 2x2 optical muftiplexer element. 
[0016] According to this configuration, selection of the 
input ports eliminates differences in characteristics be- 
tween the two input ports and the output port which dif- 
ferences result from a fabrication error in the circuit, 
thereby minimizing fabrication errors in transmission 
characteristics and maintaining group delay dispersions 
at an allowable value or less. 

[0017] According to the present invention, a certain 
level of fabrication error is allowed, thereby making it 
possible to produce an optical multiplexer or demulti- 
plexer having high yield and mass productivity. 
[0018] The above and other objects, effects, features 
and advantages of the present invention will become 
more apparent from the following description of embod- 
iments thereof taken in conjunction with the accompa- 
nying drawings. 

Fig. 1 is a view showing the circuit configuration of 
an optical demultiplexer according to a first embod- 
iment of the present invention; 
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Fig. 2 is a view sliowjng the circuit configuration of 
an optical multiplexer according to the first embod- 
iment of the present invention; 
Fig. 3A is a view showing the results of measure- 
ments of the transmission characteristics of the op- 
tical demultiplexer according to the first embodi- 
ment of the present invention; 
Fig. 3B is a view showing the results of measure- 
ments of the transmission characteristics of a con- 
ventional optical demultiplexer; 
Figs. 4A-4F are views showing the results of meas- 
urements of the group delay dispersion character- 
istics of the optical demultiplexer according to the 
first embodiment of the present invention; 
Fig. 5 is a view showing the circuit configuration of 
an optical demultiplexer according to a second em- 
bodiment of the present invention; 
Figs. 6A-6D are views showing a transfer function 
matrix for a circuit configuration obtained through a 
symmetry operation; 

Fig. 7 is a view showing the circuit configuration of 
an optical demultiplexer according to a third embod- 
iment of the present invention; 
Fig. 8A is a view showing the results of measure- 
ments of the transmission characteristics of an op- 
tical demultiplexer according to a fourth embodi- 
ment of the present invention; 
Fig. 8B is a view showing the results of measure- 
ments of the through cross group delay dispersion 
characteristics of the optical demultiplexer accord- 
ing to the fourth embodiment of the present inven- 
tion; 

Fig. 8C is a view showing the results of measure- 
ments of the cross through group delay dispersion 
characteristics of the optical demultiplexer accord- 
ing to the fourth embodiment of the present inven- 
tion; and 

Fig. 9 is a view showing the circuit configuration of 
a conventional optical demultiplexer. 

[0019] Embodiments of the present Invention will be 
described below in detail with reference to the drawings. 

(First Embodiment) 

(Optical Demultiplexer) 

[0020] Fig. 1 shows the circuit configuration of an op- 
tical demultiplexer according to a first embodiment of the 
present invention. Optical demultiplexer elements 1 0-1 , 
10-2, and 10-3 have a two-stage Mach-Zehnder config- 
uration having optical path length differences of 1 :-2, -1 : 
2, and 1 :-2, respectively. The positive optical path length 
difference Is defined to mean that in the two arms of 
each Mach-Zehnder circuit, the upper arm has a larger 55 
optical path length than the lower ami. On the other 
hand, the negative optical path length difference Is de- 
fined to mean that the lower ann has a larger optical 



path length than the upper ami. 
[0021 ] In the first embodiment, optical couplers are di- 
rectional couplers. Directional couplers 13-1, 13-4, and 
13-7 are 3dB couplers. Directional couplers 13-2, 13-6, 
5 and 1 3-8 have the same coupling ratio, while directional 
couplers 1-3-3, 13-6, and 13-9 have the same coupling 
ratio. Phase shifters 14-1 to 14-6 are installed on each 
optical path to control phase. The phase shifter 14-1 
changes the refractive index of either a waveguide 
10 1 4-1 a or a waveguide 1 4-1 b to provide a phase differ- 
ence to signal light passing through each waveguide, 
[0022] An optical demultiplexer Is composed of optical 
demultiplexer elements 10-1, 10-2, and 10-3 connected 
together in tandem In two stages so that the one optical 
'5 demultiplexer element 1 0-1 is disposed in the 1st stage, 
while the two optical demultiplexer elements 10-2 and 
10-3 are disposed in the 2nd stage. The optical demul- 
tiplexer element 10-2 has an optical path length differ- 
ence of -1:2, while the optical demultiplexer elements 
20 10-1 and 1 0-3 have the opposite optical path length dif- 
ference of 1 :-2. 

[0023] The two phase shifters 14-1 and 14-2 of the 
optical demultiplexer element 10-1 in the 1st stage have 
a phase amount of zero. The phase shifters 14-3 and 
25 14-5 of the optical demultiplexer elements 10-2 and 
10-3, respectively, in the 2nd stage have a phase 
amount of jc, and the phase shifters 14-4 and 14-6 have 
a phase amount of zero. The phase shifters 14-3 and 
14-5 have a phase amount of n in order to cause the 
30 transmission characteristics of the optical demultiplexer 
elements 1 0-2 and 1 0-3 in the 2nd stage to deviate from 
the transmission characteristics of the optical demulti- 
plexer element 1 0-1 by half a period. In this manner, the 
passband of a through output port of the optical demul- 
55 tiplexer element 10-1 can be matched with the pass- 
band of a cross output port of the optical demultiplexer 
element 10-2. Further, the passband of a cross output 
port of the optical demultiplexer element 10-1 can be 
matched with the passband of a through output port of 
40 the optical demultiplexer element 1 0-3. 

[0024] Of two output ports OUT1 c and 0UT2c of the 
optical demultiplexer element 1 0-2 in the 2nd stage, the 
cross output port 0UT1 c is selected for output, the op- 
tical demultiplexer element 1 0-2 being connected to the 
45 through output 0UT1 b of the optical demultiplexer ele- 
ment 1 0-1 In the 1st stage. Further, of two output ports 
OUT3C and 0UT4c of the optical demultiplexer element 
10-3 in the 2nd stage, the cross output port 0UT3c is 
selected for output, the optical demultiplexer element 
50 1 0-3 being connected to the cross output port OUT2b 
of the optical demultiplexer element 10-1 in the 1st 
stage. 



(Optical Multiplexer) 

[0025] Fig. 2 is a view showing the circuit configura- 
tion of an optical multiplexer according to the first em- 
bodiment of the present invention. Optical multiplexer 



7 



EP 1 231 490 A2 



8 



elements 20-1 , 20-2, and 20-3 have a two-stage Mach- 
Zehnder configuration having optical path length differ- 
ences of 2:-1, -2:1, and -2:1, respectively. Directional 
couplers 23-1 , 23-4, and 23-7 are 3dB couplers. Direc- 
tional couplers 23-2, 23-5, and 23-8 have the same cou- s 
pling ratio, while directional couplers 23-3, 23-6, and 

23- 9 have the same coupling ratio. Phase shifters 24-1 
to 24-6 are installed on each optical path to control 
phase. 

[0026] An optical multiplexer is composed of optical io 
multiplexer elements 20-1 , 20-2, and 20-3 connected to- 
gether In tandem In two stages so that the two optical 
multiplexer elements 20-1 and 20-2 are disposed In the 
1 st stage, while the one optical multiplexer element 20-3 
is disposed in the 2nd stage. The optical multiplexer el- is 
ement 20-1 has an optical path length difference of 2:- 
1 , whereas the optical multiplexer elements 20-2 and 
20-3 have the opposite optical path length difference of 
-1:2. 

[0027] The two phase shifters 24-1 and 24-2 of the 20 
optical multiplexer element 20-3 in the 2nd stage have 
a phase amount of zero. The phase shifters 24-3 and 

24- 5 of the optical multiplexer elements 20-1 and 20-2, 
respectively, in the 1 st stage have a phase amount of n, 
and the phase shifters 24-4 and 24-6 have a phase 25 
amount of zero. The phase shifters 24-3 and 24-5 have 

a phase amount of n in order to cause the transmission 
characteristics of the optical multiplexer elements 20-1 
and 20-2 in the 1st stage to deviate from the transmis- 
sion characteristics of the optical multiplexer element 30 
20-3 by half a period. In this manner, the passband of a 
through output port of the optical multiplexer element 
20-3 can be matched with the passband of a cross out- 
put port of the optical multiplexer element 20-1 . Further, 
the passband of a cross output port of the optical multi- 35 
plexer element 20-3 can be matched with the passband 
of a through output port of the optical multiplexer ele- 
ment 20-2. 

[0028] Of two input ports INI a and IN2a of the optical 
multiplexer element 20-1 In the Iststage, the cross input 40 
port INIa Is selected for input, the optical multiplexer el- 
ement 20-1 being connected to the through output INI b 
of the optical multiplexer element 20-3 in the 2nd stage. 
Further, of two input ports IN3a and IN4a of the optical 
multiplexer element 20-2 in the 1 st stage, the cross Input 45 
port IN3a is selected for Input, the optical multiplexer 
element 20-2 being connected to the cross Input port 
IN2b of the optical multiplexer element 20-3 in the 2nd 
stage. 

[0029] The optical demultiplexer and the optical mul- so 
tiplexer are similarly described, and thus only the optical 
demultiplexer will be described below. However, the 
present invention is not limited to the optical demulti- 
plexer, but the description of the optical demultiplexer is 
similarly applicable to the optical multiplexer. 55 
[0030] In this case, the optical multiplexer elements 
as components have an optical path length difference 
of 1:-2, but artDltrary optical multiplexer elements of an 



optical path length difference of ±1 : ±2 (the symbol ± 
hereinafter Indicates that either + or - is to be selected) 
can be produced by varying the coupling ratios of the 
directional couplers or the phase amounts of the phase 
shifters. In this embodiment, the optical multiplexer ele- 
ments have the two-stage Mach-Zehnder configuration 
(corresponding to N=2), but it may be replaced with op- 
tical multiplexer elements having a three-or-more-stage 
Mach-Zehnder configuration (corresponding to N^3). In 
this case, the circuit configuration is the same as that in 
the two stage configuration, but the optical path length 
difference is ±1:±2:±2: ... :±2. Further, for the three- 
stage configuration, the optical path length difference 
may be ±1: ±2: ±4, 

[0031] In the optical demultiplexer shown in Fig. 1 , the 
optical demultiplexer element 10-1 in the 1st stage and 
the optical demultiplexer elements 1 0-2 and 1 0-3 in the 
2nd stage are of the same type except for the phase 
amounts of the phase shifters. For example, as In the 
case with an optical demultiplexer described later in a 
second embodiment, optical demultiplexer elements 
having different filter characteristics may be used so that 
the 1st stage is composed of a maximally flat filter and 
the 2nd stage is composed of a filter having equl-ripple 
characteristics in the passband and stopband. 

(Description of Operation) 

[0032] With reference to Fig. 1 , an explanation will be 
given of an operation of the optical demultiplexer per- 
formed when a wavelength multiplex signal is input from 
the input port INIa of the optical demultiplexer element 
10-1 in the 1 st stage. A transfer function G^(z) Is set be- 
tween the input port IN1a and through output port 
OUTIb of the optical demultiplexer element 10-1. A 
transfer function H^(z) is set between the input port INIa 
and cross output port 0UT2b of the optical demultiplex- 
er element 10-1 . Here, 2 denotes a z variable for Z con- 
versions used in the field of digital filters, and is defined 
by z = exp(j27uo/a) 0). wO denotes a frequency spacing 
of optical signal. 

[0033] When the transfer function between the 
through output port 0UT1 b of the optical demultiplexer 
element 10-1 and the cross output port OUTIc of the 
optical demultiplexer element 1 0-2 is represented as H2 
(-2), the transfer function between the Input port INIa of 
the optical demultiplexer element 1 0-1 and the cross 
output port OUTIc of the optical demultiplexer element 
1 0-2 is represented as (z)H2(-z). Here, the subscripts 
1 and 2 of the transfer functions represent the 1st and 
2nd stages, respectively. Further, -2 represents a devi- 
ation by half a period as Is apparent from the definition 
of z. Since the phase shifters 1 4-3 and 1 4-5 of the optical 
demultiplexer elements 10-2 and 10-3, respectively, in 
the 2nd stage, the characteristics of the optical demul- 
tiplexer element 1 0-2 deviate from the characteristics of 
the optical demultiplexer element 1 0-3 by half a period, 
and the transfer function Is a function of -z. 
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[0034] In the 2n6 stage, the characteristics of the op- 
tical demultiplexer element 10-2 thus deviate from the 
characteristics of the optical demultiplexer element 10-3 
in order to match the passband of the through output 
port of the optical demultiplexer element 1 0-1 in the 1 st s 
stage with the passband of the cross output port of the 
optica! demultiplexer element 1 0-2 in the 2nd stage and 
to match the passband of the cross output port of the 
optical demultiplexer element 1 0-1 in the 1st stage with 
the passband of the through output port of the optical io 
demultiplexer element 10-3 In the 2nd stage. 
[0035] When the transfer function between the cross 
output port 0UT2b of the optical demultiplexer element 
10-1 and the through output port 0UT3c of the optical 
demultiplexer element 10-3 Is represented as Ggl-z), is 
the transfer function between the input port IN 1a of the 
optical demultiplexer element 10-1 and the through out- 
put port OUTSc of the optical demultiplexer element 
10-3 is represented as Hi(z)G2(-z). 
[0036] I n the configuration of the optical demultiplexer 20 
shown in Fig. 1 , the optical demultiplexer elements 10-2 
and 10-3 In the 2nd stage use the same directional cou- 
plers as those in the 1 st stage to cause phase to deviate 
by n using Mach-Zehnderclrcuits having an optical path 
length difference of 1. Accordingly, the transmission 25 
characteristics of the optical demultiplexer elements 
10-2 and 10-3 in the 2nd stage deviate from the trans- 
mission characteristics of the optical demultiplexer ele- 
ment 10-1 in the 1st stage by half a period. That is, the 
transfer functions for the optical demultiplexer elements so 
1 0-2 and 1 0-3 In the 2nd stage are obtained by subject- 
ing the transfer function for the optical demultiplexer el- 
ement 10-1 in the 1st stage to z-^-z conversion. 
[0037] Here, these functions are represented as G., 
(z) = G(z), Ggl-z) = G{-z), Hi(z) = H(z), and H2(-z) = H 55 
(-Z). If these equations are used, then as the transfer 
functions for the entire optical demultiplexer, the transfer 
function between the 1st stage through output port and 
the 2nd stage cross output port 
(IN1a-»OUT1b^OUT1c) is represented as G(z)H(-z), 40 
and the transfer function between the 1st stage cross 
output port and the 2nd stage through output port 
(IN1a-^OUT2b^OUT3c) Is represented as H(z)G(-z). 
If the transfer function G(z)H(-z) between the 1st stage 
through output port and the 2nd stage cross output port 45 
is subjected to z->-z conversion. It becomes equal to 
the transfer function H(z)G(-z) between the 1st stage 
cross output port and the 2nd stage through output port. 
Accordingly, in the optical demultiplexer shown In Fig. 
1 , the transfer function between the 1 st stage through so 
output port and the 2nd stage cross output port becomes 
equal to the transfer function between the 1st stage 
cross output port and the 2nd stage through output port, 
which otherwise deviates therefrom by half pitch, in oth- 
er words, the characteristics between the 1st stage ss 
through output port and the 2nd stage cross output port 
become equal to the characteristics between the 1st 
stage cross output port and the 2nd stage through out- 



put port, which otherwise deviate therefrom by half pitch . 
[0038] In general, the condition (hereinafter referred 
to as the "Interieave filter condition" ) under which the 
ideal passband of the optical demultiplexer elements 
shown in Fig. 1 has a bandwidth equal to that of the ideal 
stopband thereof Is represented as follows: 



G(z) = K(-z) 



(Equation 1) 



where H.(-z) = H*(1/z*)z-n. The relational expression of 
Equation 1 indicates that the through characteristics G 
(z) of the optical demultiplexer elements equal the cross 
characteristics H*(-z) thereof, which have group delay 
characteristics opposite to those of the through output 
port and deviate therefrom by half a period. In this case, 
the transmission characteristics of the through and 
cross output ports are set to have opposite group delay 
characteristics in order to cause the group delay char- 
acteristics of a signal passing through the 1st stage 
through output port and the 2nd stage cross output port 
to offset the group delay characteristics of a signal pass- 
ing through the 1st stage cross output port and the 2nd 
stage through output port, vice versa, 
[0039] Whenthetransferfunctionforthe entire optical 
demultiplexer is specifically represented using Equation 
1, the transfer function G(z)H(-2) between the 1st stage 
through output port and the 2nd stage cross output port 
is G(2)G.(z), and the transfer function H(z)G(-z) be- 
tween the 1 st stage cross output port and the 2nd stage 
through output port is G.(-z)G(-2). Thus, If the Interleave 
filter condition in Equation 1 1s met, the 1st stage through 
output port has transmission characteristics G(z), while 
the 2nd stage cross output port has transmission char- 
acteristics G.(z), that Is, inverse group delay character- 
istics. The 1st stage cross output port has transmission 
characteristics G.(-z), while the 2nd stage through out- 
put port has transmission characteristics G(-z), that is, 
inverse group delay characteristics. Thus, the offset ef- 
fect makes the group delay characteristics zero for both 
the characteristics between the 1st stage through output 
port and the 2nd stage cross output port and between 
the 1st stage cross output port and the 2nd stage 
through cross output port. Further, the characteristics 
between the 1st stage through output port and the 2nd 
stage cross output port become equal to the character- 
istics between the 1st stage cross output port and the 
2nd stage through cross output port, which othenwise 
deviate therefrom by half a period. 
[0040] However, if a fabrication errorcauses deviation 
from the interieave filter condition in Equation 1 , the off- 
set effect between the 1st stage and 2nd stage group 
delay characteristics is weakened to cause group delay. 
However, there remains the relationship that the char- 
acteristics between the 1st stage through output port 
and the 2nd stage cross output port become equal to 
the characteristics between the 1st stage cross output 
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port and the 2nd stage through cross output port, which 
otherwise deviate therefrom by half a period, so that 
there remains the characteristic that the fabrication error 
Is unlfonnly distributed to the characteristics between 
the 1st stage through output port and the 2nd stage s 
cross output port and to the characteristics between the 
1st stage cross output port and the 2nd stage through 
output port. 

[0041] It is generally known that If a fabrication en-or 
causes the coupling ratios of the directional couplers to io 
deviate uniformly, the through output port of the optical 
demultiplexer element has transmission characteristics 
different from those of the cross output port thereof. The 
optical demultiplexer of the present invention is not af- 
fected by fabrication errors because the difference in is 
transmission characteristics between the through out- 
put port and cross output port of the optical demultiplex- 
er element resulting from a fabrication error is uniformly 
distributed by passage through the 1st stage through 
output port and the 2nd stage cross output port and pas- 20 
sage through the 1st stage cross output port and the 
2nd stage through output port. 
[0042] On the other hand, the conventional optical de- 
multiplexer shown in Fig. 9 will be similariy considered. 
The conventlorial optical demultiplexer has such a cir- 25 
cult configuration that the 1 st stage through output port 
Is connected to the 2nd stage through output port, 
whereas the 1st stage cross output port Is connected to 
the 2nd stage cross output port. The same optical de- 
multiplexer elements are used in both the 1st and 2nd 30 
stages. With the notation described previously, the 
transfer function (IN1a-^OUT1b^OUT2c) between the 
1 st stage through output port and the 2nd stage through 
output port is G(2)G.(2), whereas the transfer function 
(IN1a->OUT2b->OUT4c) between the 1st stage cross 35 
output port and the 2nd stage cross output port is H(z) 
H*(z). Consequently, due to the offset effect between the 
1st stage group delay and the 2nd stage group delay, 
the group delay characteristics are always zero. In par- 
ticular, the interieave filter condition in Equation 1 rep- 40 
resents the transfer function between the 1st stage 
cross output port and the 2nd stage cross output port as 
H(2)H*{2) = G*(-z)G(-z), so that the characteristics be- 
tween the 1st stage through output port and the 2nd 
stage cross output port become equal to the character- 45 
Istics between the 1 st stage cross output port and the 
2nd stage through cross output port, which otherwise 
deviate therefrom by half a period. 
[0043] However, If a fabrication error causes deviation 
from the Interieave filter condition, the characteristics so 
between the 1st stage through output port and the 2nd 
stage through output port become equal to characteris- 
tics between the 1st stage cross output port and the 2nd 
stage cross output port by half a period. That is, in the 
optical demultiplexer elements, the difference between ss 
the characteristics between the 1 st stage through output 
port and 2nd stage through output port and the charac- 
teristics between the 1 st stage cross output port and the 



2nd stage cross output port which difference results 
from a fabrication error tends to be increased by pas- 
sage through the 1st stage through output port and the 
2nd stage through output port and passage through the 
1 st stage cross output port and the 2nd stage cross out- 
put port. This Is why the conventional optical demulti- 
plexer is prone to be affected by fabrication en-ors. 
[0044] Comparison of the conventional optical demul- 
tiplexer with the present one indicates that the former Is 
advantageous in that the group delays are always zero. 
However, with a fabrication error in the optical demulti- 
plexer element, the difference between the transmission 
characteristics of the through output port and the trans- 
mission characteristics of the cross output port which 
difference results from the fabrication en-or tends to be 
increased by passage through the 1st stage through 
output port and the 2nd stage through output port and 
passage through the 1 st stage cross output port and the 
2nd stage cross output port. Therefore, the conventional 
optical demultiplexer is prone to be affected by fabrica- 
tion errors. 

[0045] On the other hand, in the optical demultiplexer 
according to the present invention, even with a fabrica- 
tion error, the difference between the transmission char- 
acteristics of the through output port and the transmis- 
sion characteristics of the cross output port which differ- 
ence results from the fabrication error is unlfonnly dis- 
tributed by passage through the 1st stage through out- 
put port and the 2nd stage through output port and pas- 
sage through the 1st stage cross output port and the 
2nd stage cross output port. Consequently, the present 
optical demultiplexer Is unlikely to be affected by fabri- 
cation errors. Further, in the optical demultiplexer of the 
present invention, the group delay characteristics are 
essentially not zero, but when the through and cross out- 
put ports of the optical demultiplexer element have op- 
posite group delay characteristics, the offset effect be- 
tween the 1st and 2nd stage group delay characteristics 
causes the group delay characteristics to approximate 
to zero. The offset effect between the 1st and 2nd stage 
group delay characteristics Is most significant under the 
interieave filter condition (no fabrication en-ors), and in 
this case, the group delay is substantially zero. 

(Production and Evaluation) 

[0046] The optical demultiplexer shown In Fig. 1 was 
produced using a silica-based planar lightwave circuit. 
A 4-inch SI wafer was used as a substrate, and a desired 
circuit pattern was fonned by using a flame hydrolysis 
deposition (FHD) technique and a reactive ion etching 
technique. Heaters fabricated above waveguides were 
activated to adjust the phase amount on the basis of 
thermooptic effects. 

[0047] Optical demultiplexer elements were designed 
to have equi-ripple characteristics both in the passband 
and in the stopband. Directional couplers In the three 
optical demultiplexer element had the same coupling ra- 
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tios. The coupling ratios of the directional couplers of 
the optical demultiplexer elements were, from the input 
port side, 50% for 13-1 , 13-4, and 13-7. 34.8% for 13-2, 

13- 5, and 13-8, and 9.6% for 13-3, 13-6, and 13-9, The 
two phase shifters In the 1st stage optical demultiplexer 
element had a phase amount of zero. In the two 2nd 
stage optical demultiplexer elements, the phase shifter 

14- 3 and 14-5 had a phase amount of tc, while the phase 
shifter 14-4 and 14-6 had a phase amount of 0. 
[0048] In this embodiment, the directional couplers 
were used as optical couplers, but other optical couplers 
such as MM! (Multl Mode Interference) couplers may be 
used. Further, In this embodiment, the optical demulti- 
plexer was produced using the silica-based planar light- 
wave circuit, but the circuit may be produced using other 
materials such as 810^. Furthemiore, the optical 
waveguides may be producing using optical fibers as 
well as the planar lightwave drcurt. Moreover, the heat- 
ers utilizing thermooptic effects were used as phase 
shifters, but the phase shifters may be based on other 
principles such as electro-optic effects. Thus, the 
present invention relates to the circuit configuration of 
the optical demultiplexer and is not restricted to imple- 
menting means therefor. Further, the circuit parameters 
used in the present invention are designed values and 
may vary depending on design conditions. Therefore, 
the present Invention is not restricted to the circuit pa- 
rameters. 

[0049] In general. In planar lightwave circuits, fabrica- 
tion errors are mainly associated with the coupling ratios 
of the directional couplers, and It is known that on the 
same wafer, equivalent errors occur In the coupling ra- 
tios of all the directional couplers In the same direction. 
The phase shifter are implemented as heating effected 
by the heaters and allow the shift amounts thereof to be 
variably set, so that the phase shift amount Is not con- 
sidered to be a fabrication en^or factor In this embodi- 
ment, the optical demultiplexer was intentionally pro- 
duced to have an error in coupling ratio In order to check 
its dependency on fabrication en-ors. 
[0050] Fig. 3A shows the results of measurements of 
the transmission characteristics of the optical demulti- 
plexer according to the first embodiment of the present 
invention. These are the results of examination of the 
transmission characteristics obtained when the cou- 
pling ratios of all the directional couplers of the optical 
demultiplexer were reduced by about 0, 5, and 1 0%. Fig. 
3B shows the results of measurements of the transmis- 
sion characteristics of a conventional optical demulti- 
plexer. For comparison, the conventional optical demul- 
tiplexer shown in Fig. 9 was produced to check Its de- 
pendency on fabrication errors. 
[0051] Period frequency was 100 GHz, In the optical 
demultiplexer according to the present Invention, the 
variation of the transmission characteristics (hereinafter 
simply referred to as the "through cross transmission 
characteristics") between the 1st stage through output 
port and the 2nd stage cross output port 



(IN1a->0UT1b^0UT1c) in response to a fabrication 
error is comparable to the variation of the transmission 
characteristics (hereinafter simply referred to as the 
"cross through transmission characteristics") between 
5 the 1st stage cross output port and the 2nd stage 
through- output port (IN1a->OUT2b-H^OUT3c) In re- 
sponse to a fabrication error For example, for a coupling 
ratio en-or of 10%, the stopband has a stop value of 
about -22dB, On the other hand, in the conventional op- 
10 tical demultiplexer, the transmission characteristics 
(hereinafter simply referred to as the "cross cross trans- 
mission characteristics") between the 1st stage cross 
output port and the 2nd stage cross output port 
(IN1 a-->OUT2b^OUT4c) do not substantially vary even 
^5 with a fabrication error, but the transmission character- 
istics (hereinafter simply referred to as the "through 
through transmission characteristics") between the 1st 
stage through output port and the 2nd stage through out- 
put port (INI a-^0UT1 b -^0UT2c) vary sharply. For ex- 
20 ample, for a coupling ratio error of 10%, the stopband 
for the through through transmission characteristics has 
a stop value of about -1 OdB. The difference between the 
through through transmission characteristics and the 
cross cross transmission characteristics caused by a 
25 fabrication error is associated with a difference in the 
dependency on fabrication errors between the transmis- 
sion characteristics of the through output port and the 
transmission characteristics of the cross output port 
thereof the optical demultiplexer element, which is a 
30 component of the optical demultiplexer. 

[0052] If the coupling ratios of the directional couplers 
deviate in the same direction, for example, all the cou- 
pling ratios decrease, then the stop value of the trans- 
mission characteristics of the through output port of the 
35 optical demultiplexer element is degraded, but the fab- 
rication error in the transmission characteristics of the 
cross output port does not vary significantly. Thus, in the 
conventional optical demultiplexer, in the case of the 
through through transmission characteristics, fabrica- 
^0 tlon errors are accumulated to become gross. In the 
present invention, a gross fabrication* error in the trans- 
mission characteristics of the through output port is uni- 
formly distributed to the through cross transmission 
characteristics and to the cross through transmission 
45 characteristics, thereby hindering a generally gross fab- 
rication error in transmission characteristics. 
[0053] Figs. 4A-4F show the results of measurements 
of the group delay dispersion characteristics of the op- 
tical demultiplexer according to the first embodiment of 
50 the present invention. The conventional optical demul- 
tiplexer employs a configuration that automatically ze- 
roes group delay dispersion, but the optical demultiplex- 
er according to this embodiment is designed so that the 
group delay dispersion is offset between the 1st stage 
55 and the 2nd stage. Figs. 4A-4F also show the results of 
measurements of the group delay dispersion of each op- 
tical demultiplexer element. 

[0054] For the group delay dispersion in 
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IN1a^0UT1b-^0UT1c (hereinafter simply referred to 
as the "through cross group delay dispersion"), the 
group delay dispersion (INIa^ OUTIb) in the through 
output port of the optical demultiplexer element 10-1 In 
the 1 St stage has characteristics opposite to those of the 5 
group delay dispersion (OUTIb^OUTIc) in the cross 
output port of the optical demultiplexer element 10-2 in 
the 2nd stage. Accordingly, without a fabrication error, 
the through cross group delay dispersion in the entire 
optical demultiplexer becomes substantially zero. Like- io 
wise, the group delay dispersion (IN1a->0UT2b) in the 
cross output port of the optical demultiplexer element 
10-1 in the 1st stage has characteristics opposite to 
those of the group delay dispersion (OUT2b^OUT3c) 
in the through output port of the optical demultiplexer is 
element 10-3 in the 2nd stage. Accordingly, without a 
fabrication error, the group delay dispersion in 
IN1a->OUT2b-^OUT3c (hereinafter simply refen-ed to 
as the "cross through group delay") becomes substan- 
tially zero. 20 
[0055] With a fabrication error, both the group delay 
dispersion in the through output port of the optical de- 
multiplexer element 10-1 in the 1st stage and the group 
delay dispersion in the cross output port of the optical 
domuliiplexer element 10-2 in the 2nd stage deviate 25 
from ihoir opposite characteristics, so that the grosser 
the labricalion error becomes, the more the through 
cross group delay dispersion in the entire optical demul- 
tiplexer deviates from zero. However, as Is apparent 
from Figs. 4A-4F, the maximum value of the group delay 30 
dispersion associated with fabrication errors is about 
SOpsynm even for a coupling ratio error of 1 0%. This val- 
ue is substantially equivalent to the group delay disper- 
sion in a single optical demultiplexer element having no 
fabrication error and is not so large. 35 
[0056] The circuit configuration of the optical demul- 
tiplexer shown in Fig. 1 has basically been described. 
The present invention is not limited to the circuit config- 
uration in Fig. 1 , so that other embodiments will be men- 
tioned below. 40 

(Second Embodiment) 

[0057] Fig. 5 is a view showing the circuit configura- 
tion of an optical demultiplexer according to a second 45 
embodiment of the present invention. This circuit con- 
figuration differs from that of the optical demultiplexer 
shown in Fig. 1 In the optical path length differences in 
an optical demultiplexer element 50-2 and an optical de- 
multiplexer element 50-3. In this case, the optical path so 
length differences In the optical demultiplexer element 
50-2 and the optical demultiplexer element 50-3 are 
each -2:1. 

[0058] Directional couplers 53-6, 53-5. and 53-4 in the 
optical demultiplexer element 50-2 in Fig. 5 correspond S5 
to the directional couplers 13-4, 13-5, and 13-6 in Fig. 
1 . Directional couplers 53-9, 53-8, and 53-7 in the optical 
demultiplexer element 60-3 in Fig, 5 correspond to the 



directional couplers 13-7, 13-8, and 13-9 in Fig. 1 . Fur- 
ther, phase shifters 54-4 and 54-3 In the optical demul- 
tiplexer element 50-2 in Fig. 5 correspond to the phase 
shifters 14-3 and 1 4-4 in Fig. 1 . Phase shifters 54-6 and 
54-5 in the optical demultiplexer element 50-3 in Fig. 5 
con-espond to the phase shifters 1 4-6 and 14-6 in Fig. 1 . 
[0059] The optical demultiplexer element 50-2 in Fig. 
5 is obtained by subjecting the optical demultiplexer el- 
ement 10-2 in Fig. 1 to a symmetry operation so as to 
have an optical path length difference of -2:1 . Similarly, 
the optical demultiplexer element 50r3 in Fig. 5 is ob- 
tained by subjecting the optical demultiplexer element 
1 0-3 in Fig. 1 to a symmetry operation so as to have an 
optical path length difference of -2:1 . 
[0060] Figs. 6A-6D show a transfer function matrix for 
a circuit configuration obtained through a symmetry op- 
eration. Now, Figs. 6A-6D will be referenced to show 
that the circuit configuration meets the requirements of 
the present invention. In the circuit configuration in Fig. 
5, the through cross transmission characteristics 
(IN1a-->0UT1b-^0UT1c) are expressed as the product 
of the transmission characteristics (IN1a-»0UT1b)G(z) 
of the through output port of the optical demultiplexer 
element 50-1 and the transmission characteristics 
(OUTIb^OUTIc)H(-z) of the cross output port of the 
optical demultiplexer element 50-2, Thus, the through 
cross transmission characteristics 

(IN1a^0UT1b^0UT1c) is G(z)H(-z). 
[0061] Likewise, the cross through transmission char- 
acteristics (IN1a-^OUT2b-^OUT3c) are expressed as 
the product of the transmission characteristics 
(IN1 a^0UT2b)H(z) of the cross output port of the opti- 
cal demultiplexer element 60-1 and the transmission 
characteristics (OUT2b->OUT3c)G(-z) of the through 
output port of the optical demultiplexer element 50-3. 
Thus, the cross through transmission characteristics 
(IN1a^OUT2b^OUT3c) is H(z)G(-z). 
[0062] When the optical demultiplexer elements meet 
the interleave filter condition described in Equation 1 , 
the transmission characteristics (INIa-^OUTIb) of the 
through output port of the optical demultiplexer element 
50-1 are represented as G(z), whereas the transmission 
characteristics (OUTIb^OUTIc) of the cross output 
port of the optical demultiplexer element 50-2 is repre- 
sented as G*(z). This indicates that the former has group 
delay characteristics opposite to those of the latter. Fur- 
ther, the transmission characteristics (INI a^0UT2b) of 
the cross output port of the optical demultiplexer ele- 
ment 50-1 are represented as G.(-z), whereas the trans- 
mission characteristics (OUT2b->OUT3c) of the 
through output port of the optical demultiplexer element 
50-3 is represented as G(-z). This also indicates that the 
former has group delay characteristics opposite to those 
of the latter. 

[0063] The through cross transmission characteris- 
tics (IN1a->OLIT1b->OUT1c) for the entire optical de- 
multiplexer are G(z)G.(z), and the cross through trans- 
mission characteristics therefor is G*(-z)G(-z). Conse- 



17 



EP 1 231 490 A2 



18 



quently, the group delay characteristics for the former 
offset the group delay characteristics for the latter, re- 
sulting In zero group delay dispersion. 

(Third Embodiment) 

[0064] Fig. 7 shows the circuit configuration of an op- 
tical demultiplexer according to a third embodiment of 
the present Invention. In this embodiment, a 1st stage 
output port is connected to a 2nd stage cross output 
port, and a 1st stage cross output port is connected to 
a 2nd stage through output port. With reference to Figs. 
6A to 6D, the characteristics in Fig. 7 will be calculated. 
The through cross transmission characteristics 
(INI a-»OUT1 b -^UTI c) are expressed as the product 
of the transmission characteristics (IN1 a^OUTI b)G»(z) 
of the through output port of the optical demultiplexer 
element 70-1 and the transmission characteristics 
(0UT1b-^0UT1c)H.(-z) of the cross output port of the 
optical demultiplexer element 70-2. When the interieave 
filter condition described In Equation 1 is met, the trans- 
mission characteristics (INIa^OUTIb) of the through 
output port of the optical demultiplexer element 70-1 are 
represented as G.(z), whereas the transmission char- 
acteristics (0UT1 b^OUTI c) of the cross output port of 
the optical demultiplexer element 70-2 is represented 
as G(z). That is, the former has group delay character- 
istics opposite to those of the latter. Therefore, the 
through cross transmission characteristics 
(INIa^OUTIb-^OUTIc) is G.(z)G(z), resulting in zero 
group delay dispersion. 

[0065] Likewise, the cross through transmission char- 
acteristics (IN1a-^OUT2b-^OUT3c) are expressed as 
the product of the transmission characteristics (IN1 a-^ 
0UT2b)H(z) of the through output port of the optical de- 
multiplexer element 70-1 and the transmission charac- 
teristics (OUT2b-~>OUT3c)G(-z) of the cross output port 
of the optical demultiplexer element 70-3. When the In- 
terleave filter condition is met, the transmission charac- 
teristics (IN1a-->OUT2b) of the cross output port of the 
optical demultiplexer element 70-1 are represented as 
G*(-z), whereas the transmission characteristics 
(OUT2b ^0UT3c) of the through output port of the op- 
tical demultiplexer element 70-3 is represented as G(z). 
That is, the fonner has group delay characteristics op- 
posite to those of the latter Therefore, the cross through 
transmission characteristics (IN1a^OUT2b-^OUT3c) 
is G*(-z)G(-z), resulting in zero group delay dispersion. 
[0066] Thus, the circuit configuration meeting the re- 
quirements of the present invention is not limited to the 
one shown In Fig. 1 , but a plurality of such circuit con- 
figurations exist, including the ones shown in Figs. 5 and 



(Fourth Embodiment) 

[0067] The first embodiment Is designed so that all the 
optical demultiplexer elements have equl-ripple charac- 



teristics in the stopband and passband. However, In the 
optica! demultiplexer according to the present invention , 
not all the optical demultiplexer elements have the same 
characteristics. The case will be described in which the 
s optical demultiplexer element in the 1st stage has the 
maximally flat transmission characteristics, whereas the 
two optical demultiplexer elements in the 2nd stage 
have equl-ripple characteristics. 
[0068] As in the case with the circuit configuration 

10 shown in Fig. 1 , the optical demultiplexer elements of 
this circuit have a two-stage Mach-Zehnder configura- 
tion. The coupling ratios of the directional couplers In 
the 1st stage optical demultiplexer element having max- 
imally flat characteristics are, from the Input port side, 

15 50. 25, and 6.7%. The coupling ratios of the directional 
couplers In the 2nd stage optical demultiplexer element 
having equl-ripple characteristics are, from the input 
port side, 50, 34.8, and 9.6%. The optical path length 
differences and the phase amounts of the phase shifters 

^0 are similar to those In the circuit configuration shown In 
Fig. 1 . The connections of the input and output ports are 
also similar to those shown in Fig. 1 . 
[0069] Fig. 8A shows the results of measurements of 
the transmission characteristics of an optical demulti- 

?5 piexer according to a fourth embodiment of the present 
invention. Fig. 8B shows the results of measurements 
of the through cross group delay dispersion character- 
istics of the optical demultiplexer according to the fourth 
embodiment of the present invention. Fig. 8C shows the 

w results of measurements of the cross through group de- 
lay dispersion characteristics of the optical demultiplex- 
er according to the fourth embodiment of the present 
Invention. These figures show the transmission charac- 
teristics and group delay dispersion characteristics of an 

5 optical demultiplexer produced using a silicon-based 
planar lightwave circuit. 

[0070] This embodiment is designed so that the opti- 
cal demultiplexer element in the 1st stage has maximally 
flat transmission characteristics, while the two optical 

0 demultiplexer elements in the 2nd stage have equi-rlp- 
ple transmission characteristics. These different char- 
acteristics are selected so as to suppress the stop value 
for the stopband area, one of the transmission charac- 
teristics. Without any fabrication error (the coupling ratio 

5 error is 0%) as shown In Fig. 8A, the stop value Is about 
-46 dB. Since the optical demultiplexer of the first em- 
bodiment shown In Fig. 3A has a stop value of about -32 
dB, the fourth embodiment provides a significantly sup- 
pressed stop value. This is because the optical demul- 

> tiplexer elements in the 1 st and 2nd stages having dif- 
ferent transmission characteristics are combined to suc- 
cessfully remove a mountain of transmission in the cent- 
er of the stopband. shown in Fig. 3A. In this embodi- 
ment, the connections In Fig. 1 are also employed to 

' uniformly distribute a fabrication error to the through 
cross transmission characteristics and to the cross 
through transmission characteristics. 
[0071] As shown in Fig. 8B, in this embodiment, the 
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group delay dispersion is not zero even without a fabri- 
cation error. This Is because the optical demultiplexer 
element In the 1st stage has characteristics different 
from those of the optical demultiplexer element in the 
2nd stage. However, In this embodiment, the through or s 
cross output port of the optical demultiplexer element In 
the 1st stage basically has group delay dispersion sub- 
stantially opposite to those of the through or cross output 
port of the optical demultiplexer element In the 2nd 
stage, so that the group delay dispersions in the 1 st and io 
2nd stages offset each other. Thus, the group delay dis- 
persion value Is small though not zero. Even with a fab- 
rication error, for example, for a coupling ratio error of 
10%, the maximum group delay dispersion is about 
60ps/nm and is not so significant. is 
[0072] According to this embodiment, the deviation of 
the characteristics of the circuit caused by a fabrication 
error can be distributed to the transmission characteris- 
tics and to the group delay characteristics to maintain 
the group delay characteristics at an allowable value or 20 
less, thereby maintaining good transmission character- 
istics. 

[0073] The present invention has been described In 
detail with respect to preferred embodiments, and it will 
now be apparent from the foregoing to those skilled in 25 
the art that changes and modifications may be made 2. 
without departing from the Invention in Its broader as- 
pects, and it is the intention, therefore, In the appended 
claims to cover all such changes and modifications as 
fall within the true spirit of the invention. 30 
[0074] Where It is stated in this disclosure that a pass- 
band is equal to another passband, it is intended that 
passbands that are substantially equal also fall within 
the scope of the Invention. 



Claims 

1. An optical demultiplexer comprising 2-input and 
2-output (hereinafter referred to as the "2x2") opti- 40 
caf demultiplexer elements composed of optical 
couplers that couple two optical wavegu Ides togeth- 
er at N+1 locations (N is an integer equal to or larger 
than 2), each said 2x2 optical demultiplexer ele- 
ment having a through output port and a cross out- 45 
put port for a single input port, 

in which a through output port of a first 2x2 
optical demultiplexer element is connected to an in- 
put port of a second 2x2 optical demultiplexer ele- 
ment and a cross output port of said first 2x2 optical so 
demultiplexer element is connected to an input port 
of a third 2x2 optical demultiplexer element, 

so that if a wavelength multiplex signal of a 
specified wavelength interval of A.1 , A2. A,M (M is 
an integer equal to or larger than 2) is input to an ss 
input port of said first 2x2 optical demultiplexer ele- 
ment, a wavelength multiplex signal of X1 , X3 

A.M-1 is output from a selected output port of said 



second 2x2 optical demultiplexer element, while a 
wavelength multiplex signal of A2, X.4, ... , XM is out- 
put from a selected output port of said third 2x2 op- 
tical demultiplexer element, 

wherein a cross output port of said second 
2x2 optical demultiplexer element is selected, and 
a through output port of said third 2x2 optical de- 
multiplexer element is selected, . 

wherein the through output port of said first 
2x2 optical demultiplexer element has a passband 
equal to that of the cross output port of said second 
2x2 optical demultiplexer element, and the cross 
output port of said first 2x2 optical demultiplexer el- 
ement has a passband equal to that of the through 
output port of said third 2x2 optical demultiplexer 
element, and 

wherein the through output port of said first 
2x2 optical demultiplexer element has group delay 
characteristics opposite to those of the cross output 
port of said second 2x2 optical demultiplexer ele- 
ment, and the cross output port of said first 2x2 op- 
tical demultiplexer element has group delay char- 
acteristics opposite to those the through output port 
of said third 2x2 optical demultiplexer element. 

An optical multiplexer comprising 2-input and 2-out- 
put (hereinafter referred to as the "2x2") optical mul- 
tiplexer elements composed of optical couplers that 
couple two optical waveguides together at N-i-l lo- 
cations (N is an integer equal to or larger than 2), 
each said 2x2 optical multiplexer element having a 
through output port and a cross output port for a sin- 
gle input port, 

in which an output port of a first 2x2 optical 
multiplexer element is connected to a through input 
port of a third 2x2 optical multiplexer element and 
an output port of a second 2x2 optical multiplexer 
element is connected to a cross Input port of said 
third 2x2 optical multiplexer element, 

so that if a wavelength multiplex signal of a 
specified wavelength Interval of XI , A3, .... A,M-1 (M 
is an integer equal to or larger than 2) is Input to a 
selected input port of said first 2x2 optical multiplex- 
er element, while a wavelength multiplex signal of 
a specified wavelength interval of A2, XA, XM is 
input to a selected input port of said second 2x2 op- 
tical multiplexer element, then a wavelength multi- 
plex signal of XI , A2, ... , XM is output from the out- 
put port of said th ird 2x2 optical multiplexer element, 

wherein a cross input port of said first 2x2 op- 
tical multiplexer element is selected, and a through 
input port of said second 2x2 optical multiplexer el- 
ement is selected, 

wherein the through output port of said third 
2x2 optical multiplexer element has a passband 
equal to that of the cross output port of said first 2x2 
optical multiplexer element, and the cross output 
port of said third 2x2 optical multiplexer element has 
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a passband equal to that of the through output port 
of said second 2x2 optical multiplexer element, and 
wherein the through output port of said third 
2x2 optical multiplexer element has group delay 
characteristics opposite to those of the cross output 5 
port of said first 2x2 optical multiplexer element, and 
the cross output port of said third 2x2 optical multi- 
plexer element has group delay characteristics op- 
posite to those the through output port of said sec- 
ond 2x2 optical multiplexer element. io 
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(54) Optical multiplexer and optical demultiplexer 



(57) The present invention provides an optical de- 
multiplexer and an optical multiplexer the transmission 
characteristics of which are unlikely to be affected by 
fabrication errors and which have small group delay dis- 
persion. Across output port (X-OUT) of a second optical 
demultiplexer element (DEMUX) (10-2) is selected, and 
a through output port (T-OUT) of a third DEMUX (1 0-3) 
is selected. A T-OUT of a first DEMUX (10-1) has a 



passband equal to the X-OUT of the second DEMUX 
(10-2), and a X-OUT of the first DEMUX (10-1) has a 
passband equal to the T-OUT of the third DEMUX 
(1 0-3). The T-OUT of the first DEMUX (1 0-1 ) has group 
delay characteristics opposite to those of the X-OUT of 
the second DEMUX (10-2). and the X-OUT of the first 
DEMUX (1 0-1) has group delay characteristics opposite 
to those of the T-OUT of the third DEMUX (10-3). 
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